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4 SUMMARY

This program consists of two phases:

1) To develop, demonastrate and aasess the ability of
magnetically driven flyer plates to duplicate the
combined shock and structural response caused by
a selected underground test (UGT) environment on
3DQP; and,

2) To . correlate the magnetically driven flyer plate
facilities of KSC with those of the Atomic Weapons

Research Egtablishment (AWRE) in the United
Kingdom.

e v e e i oA it i o i

The program is in progress such that the efforta accomplished to
date ares described herein. The successful completion of these
tasks will not only enhance the simulation capability of the
community but it will also develop and demonstrate a methodology
for dynamic testing of 3-dimensional materials which utilizes a
realistic stimulus. This realism is required to ensure that the
critical material response modes are addressed during a period
when underground tests might not be available for hardness
confirmation.

The simulation development has been tailored to match the
pressure vs. time and total impulse measurements obtained on
UGT eventa, Thig matching of experimental data required consider-
able development o. capacitor bank technology = to developﬂ’the
proper magnetic pressure vs. time profile. (Indeed, sensitivity
studies conducted during the course of this program vividly
demonstrated that two different waveforms with the same prompt ,
and total impulse values could produce radically different |
response modes and failure levels.)
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The proper simulation environment is realized by the proper
control of the pogt-impact magnetic pressure amplitude and
decay time. This significant achievement represeats the
first known time that these parameters have been utilizad to
control damage mode and level.

Evaluations of the degree of simulation have been made
by detailed examinations of the damage modes and level in
addition to correlation of mag flyer induced data with UGT
data of pressure vs. time, total momentum and strain
signatures on ring specimens. Thes2 mag flyer experiments
were conducted on 1l arc specimens and 2 rings of 19.6-cm
diameter C cycle 3DQP. (The UGT material was the same size
and pedigree.)

Included in the damage mode asgsessment were measurements
of the apparent degradation of the dynamic modulus aa deter-
mined by Electromagnetic Excitation (EME) testing at KS8C of
both UGT and aboveground (AGT) rings. XSC then utilized this
dynamic data tu correlate measured strain vs. time signatures
from ring specimens. The modeling for the ring analyses
included variable thickness and degraded modulus 28 a function
of angle. KSC also conducted ultrasonic and radiographic NDT
ingpections. The overall agreement between the response of
the UGT and the final optimized AGT simulation is very good
and is explained in detail herein.

A methodology was worked out for the purpose of comparing
the AWRE and KSC facilities using both arcs and rings experi-
ments which included diagnostics, flyer configuration and
specimen holding methods. KSC tested 18 3DQP arc samples and
1 3DQP ring from 50.8~cm diameter billets during this course
of the program. After selection of comparable loading
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conditions a combined response experiment using strain-gaged
aluminum rings was accomplished with good correlation between
The inadvertent use of material which
behaved as "A" cycle indicated that magnetic flyer experiments
were gensitive to porosity differences and can be used to
detect production lot variations.
the two facilities were able to produce the same damage modes
to within 10 to 15% of the measured impulse.

the two agencies.
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PREFACE

This report describes the Facility Correlation and UGT
Simulation Program conducted for DNA by Kaman Sciences Corpora-
tion. The work authorization was covered by DNA Contract
DNAOO1-76-C-0359. The program was conducted under the direction
of Mr. Donald Kohler, DNA.

It is a special pleasure to acknowledge the assistance and
' technical information forwarded over the years by AWRE personnel
ffi and, in particular, Mr. Angus MacAulay. In addition, KSC
i gratefully acknowiedges assistance in this program from the

} following:
.g Southern Research Institute - Material properties and |
§ | C. Pears and G, Fornaro damage data é
; Air Force Weapons Laboratory - Shock wave calculations
; D. Newlander and pulse shaping
‘ Systems, Science & Software - Shock wave calculations f
G. Gurtman and pulse shaping ;
!
T. McKinley - Interpretations and
suggestions

if Companion reports are being prepared by these individuals

| to document their participation in this program as part of the

- DNA reporting system. Advantage was taken of the TINC hydrocode

:; by 83 to provide flyer pulae shaping guidance and predict the

-} location and form of damage. Physical damage correlation was

. accomplished using methods developed by Southern Research
Inatitute and XSC. A further correlation was accomplished by
comparing ring strain gage records with the TWORNG ring response
code. Other ring correlations are being reported by PDA.
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The purpose of this program was to provide a laboratory

method for verifying the x-ray hardness of 3-Dimensional
Quartz Phenolic (3DQP) without recourse to underground testing.

A secondary purpose of the program was to determine
whether the magnetic flyer technology developed at one
facility could be applied to another. A cooperative program
was instituted with the Atomic Weapons Research Establishment,
Aldermaston, England, to conduct corresponding magnetic flyer
experiments. Many innovative ideas passed back and forth which
contributed to the success of this program. This report
describes the initial effort, and later progress will be
-documented in‘subsequenﬁ reports by all participants.
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SECTION 1
INTRODUCTION

This report describes work performed by XSC in support
of the Magnetic Flyer Correlation Program. The objectives
of this program are as follows:

l. Correlate results from KSC and AWRE flyer plate
facilities,

2. Deafine an above ground test which duplicates
underground test damage.

3. Expand the 3DQP data base

= higher impulse levels
- porosity effects
- combined response effects.

4. Establigh 3D Quality Control (3DQC) procedures

- analytics
- NDM, NDT techniques
- flyer plate loading.

The program was divided into two majour parts, the
Facility Correlation Study and the UGT Simulation STudy. For
the Facility Correlation Study, impulse teats were conducted
on 50.80-cm diameter 3DQP arc and ring materials selected
from an AVCO cylinder originally believed to have been through
the “"C" process fabrication (as will be described, this material
is now thought to be more characteristic of “A" process). This
work has been completed and will be reported in its entirety.
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For the UGT Simulaﬁion Study, impulse tests were conducted
on samples similar to both AVCO “C" process fabrication
materials and materials fielded underground. The sample
dimensions were matched to those fielded underground, the rings
and arcs being machined from a 19.6~cm diameter 3DQP cylinder.
In total, KSC support for the Correlation of Simulation Testing
and the UGT Simulation Study produced 31 damaged 3DQP arcs,
10 transmitted or front surface pregsure-time waveforms, 3 3DQP
ring shots instrumented with 10 strain gages, and approximately
60 calibration or correlation shots. Finally, numerous x-ray
radiographs and ultrasonic measurements were made to support
on-gite evaluations of post~test sample evaluations.

KSC utilized its magnetically driven flyer plate facility
to provide both comparative data for the AWRE equivalence
program and as the technique for the AGT/UGT simulation of
Ring 2, a ring damaged by UGT exposure. In-house damage assess-
ments were accomplished using pre~ and post-teast radiographs,
ultrasonic velocity and attenuation, post-test photomicroscopy,
in addition to electromagnetic excitation (EME) testing to
measure modulus. Considerable structural response correlations
of measured strain traces were also accomplished to demonstrate
an understanding of the simulation environment, the material
condition and the resultant ring response,

Section 2 of this report presents a description of the
impulsive load test techniques while Section 3 details the test
matr.x. Section 4 describes the experimental results obtained
from the Facility Correlation Study and Section 5 the experi-
mental results from the UGT Simulation Study while Section 6
gives the conclusions obtained for the Correlation of Simulation
Testing Program.
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SECTION 2
IMPULSIVE LOAD TEST TECHNIQUES

2.1 CAPACITOR BANK DESCRIPTION

The samples were tested in the Kaman 220-kilojoule
magnetic flyer plate facility. This capacitor bank consists
of 36 capacitors storing 220 kilojoules of energy at 45 kilo-
volts. The output parameters of the bank are several
megamperes at a ringing frequency of 120 kilohertz. The
alectrical circuit consists of 36 capacitors, a Blumlein-
triggered solid dielectric switch, and a flyer plate assembly.
The discharge of the stored energy is initiated by a high
voltage pulse induced into the solid dielectric switch to
produce multiple current carrying channels. The discharging :
current produces a magnetic field which then produces an :
accalerating force on the flyer plate, itself a current carry- »
ing part of the circuit. The flyer plate is thus accelerated ]
to a predetermined velocity, at which point it then strikes
the target. The flyer plate velocity and, thus, the impulse
is controlled by varying the width of the flyer plate, the
flyer plate free run, and the stored energy in the capacitor
bank. The post-test impact magnetic push is controlled either

by the free run distance or by capacitor bank crowbar
techniques.

.
2.2 FOIL CHOP TECHNiQUES

The initial phase of the Facility Correlation Study
dictated that all of the momentum be delivered to the flyer
plate prior to flyer plate impact. Thus, comparisons between
the AWRE and KSC facilities could be accomplished in the most
straightforward manner. To achieve this goal, the capacitor

e e e i D TSR T
e e o v K S M Do i+ o SRR, o322 it SRR
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bank discharge must be altered such that the post-impact push
associated with a normal ringing discharge will be eliminated.
The other alternative to : il choping would be to place the
target at abnormally long free run distances, This wou.id be
an unacceptable solution due to £lyer buckling considerations.
As a result, foil chop methods were used to achieve the "sharp"
impulse.

At the free run distances (2.54 mm) acceptable for proper
flyer plate performance the bank needed to be disconnected
extremely early in its discharge cycle. Through previous
contact with AWRE, KSC was aware of foil chop technigques which
could satisfy both the impulse and free run requirements. The
technique has been referred to as dynamic démping and involves
placing an exploding foil in series with the capacitor bank
discharge circuit. After several trial shots, the technique
was perfected and used almost without exception through the
remainder of the Facility Correlation Study.

To demonstrate the repeatability of thig foll chop technique,
Table 1 lists the pertinent bank and flyer plate impulse data
for 0.3-mm and 0.64-mm thick aluminum flyer plates. All data
were taken at 2.54 mm free run distances. The current waveform
produced by the discharge of the capacitor bank is shown in
Figure 1. This waveform reprezents the average of all the
shots performed around an impulse level of 8 kilotaps. The
bars represent the total range of data, while the waveform is
drawn through the average current value. These data are
thought to be quite consistent,

The capacitor bank was operated in a second configuration
to perform tests on the UGT Simulation Program. The early UGT
analysis suggested that to deliver an impulse of & kilotaps
prompt and 8 kilotaps post magnetic push to the sample would

18
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TABLE 1 CAPACITOR BANK DISCHARGE PARAMETERS, ANALYSIS
OF BANK PERFORMANCE, 0.3-mm AND 0.64-mm THICK

. P - P g
. R T T T el Pl PR S v PR W) 9 S

e et L

R AR I L

e P vy

AL FLYERS
SHOT FLYER THCK. PEAK CURRENT SHARP IMPULSE
L mm mamps kilotaps

2-290 0.64 1.67 8.0
2-291 0.64 1.67 8.0
2-292 0.64 1.63 7.9
2-296 0.64 l1.61 7.2
2=-297 0.64 1.61 8.3
2-300 0'6‘ 1064 8.1
2-304 0.64 1.69 8.6
2-323 0.64 1.61 7.9
2-324 0.64 1.65 8.4
2-325 006‘ 1!60 7-8
2-326 0.64 1.68% 8.4
2-327 0.64 1.65 8.4
2-328 0.64 1,64 8.3

Mean 1.64 8.1

lodev 0.03 .4

lodev

Mean 2% 5%
2-293 0'3 1.6‘ 7.5
2-294 0.3 1.61 7.3
2-295 0.3 1.58 7.4
2-298 0.3 1.57 7.3
2-299 0.3 1.64 7.8
2-306 0.3 1.65 8.0
2-329 0.3 1.66 8.1
2-330 °a3 1.63 709

Mean 1.63 7.7

lodev 0.04 23

lodev

Mean 3t 4%
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provide a duplication of the damage mode experienced underground.
To achieve the 8 KT post-impact magnetic push at a reasonable
flyer-target standoff distance, the capacitor bank discharge
frequency was slowed by the addition of a ballast inductance.
The resultant ringing frequency of the bank was approximately
60 kilohertz. This slower bank configuration, the second
configuration used on the program to date, produced a dramatic
simulation of the desired UGT damage mode (the details of
these simulation shots will be report in Section 5, UGT
Simulation Study Experimental Results).

The versatility of the KSC capacitor bank to impact a
variety of impulsive loading conditions to the test samples
has become an important development achieved in this program.
Two unique bank zonfigurations developed in this program,
coupled with the normal ringing discharge technique, provides
four testing options for above ground simulation of under-
ground test impulse conditions. These options should result
in improved simulation of loading conditions and the resultant
stress wave damage modes which are found to occur underground.
The circuit parameters used for these four capacitor bank
configurations are outlined in Table 2.

2.3 FLYER PLATE DESCRIPTION

One of the most important items in obtaining good magnetic
flyer experimental data is the quality control of the flyer
plate assembly. Due to the criticality of the flyer assembly,
Kaman has expended considerable effort to insure repeatability
in each of the assembly steps. Flyer plate shape is established
by a template which is designed and fabricated for each new
test assembly. Each flyer plate is individually fabricated by
a special process which enables the flyer plate to conform to
the precise dimensions of the template with edges which are

21

CONFIDENTIAL

R R M AP Nl P S NS

e

R e IO B PR WS e e




CONFIDENTIAL

-ganbtuysel Ieqmoxd doyo 1703 S9TII8 Aq peonpoad a2ze s{te3 or3oubem I93I0Ys °T
-3anbyuyoe3 Iegmoro Hurjioys Aq peonpoad aie STIR} o13subew Bbuoy T

NOIZOSTIHISIA AONVIONANI

. z T¥el orjoubey Apn3g uorjeINuis 1510

HU 00T { HU ST HU 18 HU ¥ 83ax 3233048 » 91/8 ¥y uorzeambrguod
z Tyei oj3ouben
- HU g ] HU ST HU 2T BY ¥ sax x23I0YsS M 91/8
. 1101 vT3ouUbRl

HU T1¢ | BU ST HU 7T HU ¥ 83X T "puor m 91/8 Apn3g uorjeTNWIS IDN

I . 1M 91/8 2onpoad ¢ uorzeanbiguod

asTndwy dreys| Apnig uorjzeraxzod A3yrIoed

HU €2 | HU ST o HU 8 sax I g 9onpoad Z uorseandyIuc)
abaxeyosIqa

BU 61 ] HU ST 0 HU ¥ ON Jueqg TPWION 1 uoy3zRIANDHIIUOD

oz| v | 3oNEIO0aNT| AIvId :
™, _ISVYTING | ¥AX1d | qAYEVEN0dD asoaund NOIIVENOIANOD NNV

~ SARAHOS FINVIONARI ANV SNOTIVHMNSIANOD ¥NVE ¥OLIOVAYD T FTeVL

CONFIDENTIAL




. S L A e i
TN Bl Y T T L s e

CONFIDENTIAL

smooth and free of burrs, machine marks, etc. The flyer plate/
insulation/backstrap layout is then assembled in a controlled
environment such that dust particles are virtually eliminated.
The repeatability on the overall assembly thickness is

normally less than 0.0127 mm.

In these experiments flyer plutes 7.62 cm wide were used
to impact the arc and ring samples. All fly~r plates were
made from either 0.3-mm or 0,64-mm thick alw .um and were
sized in length to load>160° of arc.

Initially, the flyer .nsulation/backstrap was fabricated
flat and then curved to the proper radius before being placed
in the massive aluminum backing block. The thicker 0.64-mm
aluminum flyers did tend to lift, however, indicating that
residual stresses had been built in during the assembly
process. To overcome the flyer lift, the flyers were assembled
over a curved mandrel, and then place in the aluminum backing
block. Fabrication by this technique insured stress-free
flyer assewublies, and tﬁe lift was eliminated.

2.4 MOMENTUM CALIBRATION

Of prime importance to the understandin v of any flyer
plate experiment is the knowledge of the flyer plate behavior.
To meet this requirement, Kaman has developed a flyer plate
diagnostic scheme capable of determinir.g the imparted
magnetically-derived momentum in a flyer plate experiment.

Kaman determines the flyer plate inpulse versus capacitor
bank voltage by means of a velocity measurement of a known
mass density flyer plate. The basic meagurement technique
relies on a calibrated Rogowski coil to determine the
"effective" current through the flyer plate. The time resolved
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"effective® current is then used to input the computer code
Veldet such that the flyer plate performance (displacement,
velocity, and momentum density) can be determined. The
momentum density at impact and at the end of current ring-down
are obtained by this method.

The "effective" current calibration is determined from
time-of-arrival measurements and correlated by flyer plate
velocity measurements as derived from offset pin switch
closures. These data have been previously correlated to
within 5% for a 5.59-cm wide flyer as shown in Figure 2. The
pin switches (either shorting or P2T pins) for these experi-
ments are monitored on high:s‘eed oacilloscopes. The gtandard
data display for these reco ingg,includes a timing wave on
each channel and a fiducial rK which is common to the Rogowski
coil measurement of the bank current (Figure 3) and all pin
switch records (Figure 4). The timing marks are used to
calibrate the sweep speed of the oscilloscope bgsams on each
test and the fiducial mark is utilized to establish & positive
reference time between all events including the start of
current flow from the capacitor bank. These data are used as
input to the Veldet computer code. The Veldet output includes
printouts of the time varying items of interest (current,
displacement, velocity, etc.).

All shots documented in this report were conducted with a
free-flying backstrap. Since all materials were fabricated
'as an arc or ring, the same load coil, with a free-flying
Backstrap, was used such that both sample geometries were
tested under identical loading conditions.

The purpost of the free flight backstrap is to insure
the free response of the rings tested in this program. As
the impulsive load is applied, the ring surface begins to
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move radially inward and away from the flyer assembly at 0°.
Shortly afterwards the combined breathing and flexural
response of the ring causes it to expand radially outward
at :90°. The rang expands such that it impacts the load coil
before the rigid body displacement can remove the ring from
the load coil extremities. Structural response cof the ring
can be suppressed in addition to the point loading induced by
the ring-coil impact.

Adiprene shock blocks 1.27 om wide were placed around all
samples in order to provide lateral constraints to effect a
quasi-one-dimensional strain condition in the material during
the initial shock wave transits. To the extent that the
adiprene shock impedance matches that of the test sample, the
effect of the adiprene shock blocks is to approximate a one-
dimensional strain condition and suppress lateral release
waves from traveling into the sample during the shock wave
transits. The shock blocks also prevent undue side loads
resulting from flyer plate adge curl. These shock blocks are
also self-releasing from the arc holder such that the sample
is released immediately upnn flyer impact. These criteria are
thought to be extremely important for prompt shock damage
evaluation. The adiprene shock blocks were therefore used on
both the arc and ring samples. The shock blocks used on the
ring sanples were of identical width as those used for the
arcs. They extended around the ring such that 160° of arc
was subtended, protecting the ring from flyer edge curl, and
were also self releasing from the ring. Small amounts of
vacuum grease were used to join the shock blocks to either
the arc or ring to insure intimate fit on all contact surfaces.
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2.5 SAMPFLE SUPPORT/RELEASE SCHEMES

The laat eight axrcs were impacted with the arc supported
in an aperture plate. The arc sample, time of arrival pin,
and the adiprene shock blocks were placed in the aperture of
this fixture. The sample was then attached to the aperture
plate by gluing amall, hollow glass rods across the top and
bottom of the adiprene shock blocks and also gluing the rods
to the fixture. The glasa rods provide enough support to hold
the sample in the target holder without any sag: however, the
shock pulse from the flyer impact shatters the glass and the
arc sample is released after one ghock wave transit time
through the adiprene shock block thickness.

The arc holding scheme is devised so that the flyer-
target spacing can be set very precisely. With the target
placed on the flyer plate, six micrcometer heada are used to
raise the sample and aperture plate until the appropriate
free run ig attained. The proper orientation between the
target surface and flyer surface is maintained by noting that
the readingsa on the micrometer heads are identical.

The ring holding scheme uses many of the same principles
developed for the arc holder. Glass rods are used to support
the ring, and when these rods are impacted by the flyer,
they shatter and release the ring. The ring-flyer plate
spacing and orientation is controlled by exactly the game
techniques described for the arc holding scheme.
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2.6 INSTRUNENTATION AND DATA RECORDING

Current waveforms, time-of-arrival, sample velocity,
arc sample pressure~time histories, and ring sample strain-
time histories were recorded on this program. These parameters
were measurcd to provide data for momentum calculations, for
front surface and transmitted shock wave profiles, and for ring
structural response calculations.

Carbon gages were used to record the near front surface
signatures on lucite aamplez as well as the tranamitted wave
profilea at the rear surface of 3DQP arc samples. A
Pulsar Instruments resistive gage power supply was used to
axcite the gages. The carbon gages were a special order
Dynasen gage designed for use in magnetic field environments.

The Dynafax framing camera was used to record the
displacement-time histories of the arcs after impact with the
flyer plate. The lighting technique was a backlight acheme
in which a floodlamp, through a Fresnel lens, shines directly
into the objective lens of the camera. The ar¢ interrupts
the light as it flies across the field of view of the camera
and the image is exposed on the film. Xnowing the distance
the sample travels during each frame of film, and knowinhg the
time interval between frames, allows calculation of the late-
time sample velocity. From the sample velocity the late-time
inmpulse of the sample can be obtained.

An electronically integrated Rogowski coil is used to
record the current waveform while time-of-arrival is measured
with P2T pins.

All electronic instrumentation were recorded in an
electrically isolated screen room. The isolation was obtained
by lifting the double-walled screen room 6 inches off the floor
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onto insulating pads and powering the recording instrumenta-
tion with a motor generator which is also electrically float-
ing. The purpose of this elaborate isolation is to insure

that the instrumentation sees a minimum of electromagnetic
interference.

The current waveforms from the Rogowski coils and the
preasure waveforms from the carbon gages were recorded on
fast oacillioscopes, hand digitized using a traveling micro-
scope, then submitted to Veldet and Mandat computer codes,
respectively. These codes apply amplitude and time hase
calibrations to the current and pressure traces and then
print and plot the data.

Table 3 presents a summary of the instrumentation and
data recording techniques used on this program.

] . - e e = e e e e
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TABLE 3 INSTRUMENTATION AND DATA RECORDING
TECHNIQUES |
A EVENT TO SENSOR RECORDING DATA REDUCTION PERFORMED
BE RECORDED INSTRUMENTATION
TOA PZT Ping Hand digitize with traveling
microscope, submit data to E
VELDET code to obtain TOA E
Current Rogowski Oscilloscopes Hand digitize with traveling }
Waveform Coil microscope; submit data to 4
VELDET or Mandat computer 4
de to obtain calibrated
Pressure Carbon co "
Wave form Gages current or presgure waveforms :
a 3
) Strain Strain 40 kHz band- Analog-digital conversion i
: Waveform Gages width FM tape at 2-usec intervals T
recorder e
Free Flight | Dynafox Dynafax Camera Read negative on film reader, E ;
Velocity Cawera submit data to code LS
!
|
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SECTION 3
TEST MATRIX

A methodology was developed for accomplishing facility
correlation and UGT simulation which includes detailed test
matrices and material cutting diagrams. These matrices were
draw up to identify the origin, purpcse, and subseguent
deposition of each test sample.

3.1 FACILITY CORRELATION STUDY MATERIAL CUTTING DIAGRAM

Material for the Facility Correlation Study was furnished
by AWRE in the form of six rings cut from a 50.8-cm diameter
cyl}nder of AVCO produced 3DQP. A cylinder cutting diagram is
presented in Figure 5. Two of the six rings were cut into arcs,
the remaining four rings divided equally betwzen the KSC and
AWRE facilities. Rings designated R3 and R4 were cut into
29 arcs each. The cutting diagram of these two rings is
presented in Figure 6.

3.1l.1 Facility Correlation Study Test /fatrix and
Material Description

The test matrix for the Facility Correlation Study was
divided into four task areas. These tasks woero:

TASK 1 Material Identification and Disposition

TASK 2 Flyer Plate Free Run Determination

TASK ) Flyer Selection and 1-D Damage on 3DQP
Samplesg

TASK 4 Combined Response Data
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The arc and ring test samples allocated for each task are
identified in Table 4. '

3.2 UGT SIMULATION STUDY TEST MATRIX

The original test matrix is presented in Table 5. The
necesgary compliment of materials could not be supplied to
complete this matrix in full, however. For this reason KSC
only impacted ll arcs and 2 rings in a successful attempt to
duplicate the underground effects on Ring 2 using advanced
capacitor bank discharge techniques. Ring 2 was a ring
fielded in a known underground test environment and recovered
such that its damage modes, damage locations, and early time
strain signals were available for study and duplication.
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TABLE 5 UGT SIMULATION STUDY TEST MATRIX
AND MATERIAL REQUIREMENTS

AGENCY RINGS, ARCS/AGENCY PURPOSE
AWRE/SORI 3 Virgin Properties
6 Magnetic Pressure Loading Effects on
AWRE/KSC 11!5 Arc Cushion Damage
3 Damage Damage and Load
AWRE/KSC 5{2 Presgsure Verification
AWRE/KSC 2 Combined Response

MATERIAL REQUIREMENTS

DATE MATERIAL
LOCATION REQUIRED REQUIRED PURPOSE
KSC 1/717 1 Ring Has Been
Cut Into
14 Arcs
1 Ring Cut Into
AWRE 5/77 1l Ring 14 Arcs
AWRE 5/77 4 Rings 4 Rings
37
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ARC THICKNESS

l.39 cm

1.39 em

1.39 cm
0.76 em

1.39 cm

MATERIAL
THICKNESS

3.81 cm

3.8l cm
5.72 cm

3.81 em
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SECTION 4
FACILITY CORRELATION STUDY EXPERIMENTAL RESULTS

4.1 TASK 2 - FLYER PLATE FREE RUN DETERMINATION

The final determination of the flyer plate free run was
accomplished by negotiation on the capabilities and test
philosophy of the two facilities involved. KSC has historically
preferred short free runs to minimize flyer plate buckle and
air cushion enhancement while AWRE has traditionally used
longer free runs. In short, the free run distance was simply
negotiated to be 2.54 mm. Tests were conducted by KSC using
gstreak camera techniques and front surface carbon gages to
determine the impact characteristics of hoth 0.3-mm and 0.64-mm
thick aluminum flyer plates at the 2.54-mm free run distance.
These data are reported.

4.1.1 Streak Camera Records on PMMA

PMMA arc samples were fabricated to the dimensions of the
50.8-cm diameter 3DQP arc samples and then vapor coated with
aluminum to accomplish 5 streak camera measurements. The
purpose of these streak camera measurements was to determine
the degree of flyer plate buckle. The streak camera technique
used to record the flyer plate impact relies on the optical
principle that certain materials lose their reflectivity when
shock loaded; both aluminum and PMMA possess this
property. A streak camera was used to record the light turn
off as a result of thé flyer plate striking the target. A
PMMA target is shown in Figure 7 while the optical teat setup
is shown in Figure 8.

The results of the streak camera work at the chosen free
run of 2.54 mm showed that the 0.3-mm thick aluminum flyer had
approximately a 50 nanosecond closure across the 5.08 cm
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View Through Rear Surface of Aluminum Vapor Deposited PMMA Samples

FIGURE 7 PMMA TARGLET FOR STREAN CAMERA MEASUREMENT OF FLYER IMPACT
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length sample. The 0,64-mm thick aluminum flyer, however,
showed erratic impact behavior., Both the closure time across
the PMMA sample and the gpatial distribution of the impact
varied from shot to shot., For example, the closure time
ranged from 75 to 750 nanoseconds while the spatial pattern
was completely random, Table 6 lists the impact parameters
as measured by the streak technique. Figure 9 is a repregenta-
tion of the time and spatial coordinates of the flyer impact.
Figure 9 is not an exact representation of the flyer plate
impact because quantitative data reduction techniques could
not be utilized on the low contrast streak camera film records;
it is thought that this figure presents a fair representation
of the lay down of the 0,64-mm thick aluminum flyer plate
against the PMMA target, however, since a great deal of care
was taken to show the trend of the data.

In order to estimate the effects of a non~-planar impact
using the 0.64-mm thick aluminum flyer plate against 3DQP,
KSC made the following judgments: 1If the flyer plate were to
average 500 nanoaseconds non-planar impact, then the initial
shock front would travel a distance less than a cell depth
into the 3DQP material before the latest shock pulse was
initiated at other locations on the impact surface. If the
distance between the leading and trailing portions were
1.27 cm or more apart, then the 500 nanosecond asimultaneity
would be spread over several cell widths. The shock pulse
entering the 3DQP could be postulated as a uniform pressure
over several cell widths and less than one cell depth into the
3DQP material. Though not totally comfortable with this
reasoning, the 0.64-mm thick aluminum flyer could be judged
marginally aqcéptable for the Facility Correlation Study.
One must be careful, however, to hastily apply these results
to the UGT Simulation Study since the small radius of curvature
used for the UGT Simulation Program may well serve to degrade
even further the marginal results of the 0.64-mm thick aluminum
flyer plate.

41

CONFIDENTIAL




TR e A e e e

vl ot

e

9°¥1 0S¥ ¥5°2 ¥9°0 S£Z- k

0°tt 0501 ¥s°C ¥9°0 yee-2 B

Ve

1°21 mwm ¥S°2 $9°0 £€Z-2

9 0s ¥5°2 0£°0 [4 X A 4

TR

L9t osL ¥s°2 ¥9°0 1€Z-2

AR

LTINS

() (spuooasouru) ()
TAONYLSIA ATTTVA OL Xxvad T3MIL X3TIVNA OL XVad NO¥ 3Td4 {um)  ;
MAFLIVd VNS0T ¥3AT4d JIAINWILSE RANSOTID ¥3A1d QILYAILSZE q4ax14 *dOH1 ¥93X14d JLOHS

CONFIDENTIAL

CONFIDENTIAL

SIF9¥V1 VWHd NO SIOVdNI
4IV1id 332X13 SINTAFEASYAR VIDAVD AVAUIS 30 X4VisinS 9 FIdVl

icnd T A

i

PRDALIN

.
ik
1)

o




&

(395%) ws)

R PR T T ST A I FTAD T AT

JUISONOYVIA VIIWYD Y3I¥LS A GINIW¥313Q SY
SOUSINILDVIVHD 1DVdWI 31VU ¥IAT4 20 NOMLVINISIIIIY 6 3¥NOid

o o1 0
~

CONFIBENTIAL

asinds] I3elq Jak|§ dej-0008 @
uny 3344 Iejg 4L W-§G° T @

e)d 23414 1Y 0-0D11 ¥O4Y3 M3-£°0Q O
SNTd J3ALS 1Y 0-0011 MOIY] m-49°Q Jn04 @

9 379V1 NI GIIN3SI4 YIVO JO 10

-\~

(w3) uo)ideNQ |DlVSIIWNDAD L) BdUBSI]

4

o
=
|
m




T I T TR T T RIS M T T N S e W
AR TR

CONFIDENTIAL

4.1.2 Front surface P-t Records on PMMA

Four ghots were performed with a number of carbon gages
placed on the front surface of PMMA targets fabricated to the
50.8~cm diameter dimensions of the 3DQP samples. The reasons
for placing the gages on the front surface of PMMA were to

l. Measure any discernable flyer plate buckle

2. Meagure any discernable air cushion momentum
enhancement,

All four shots were pearformed with 0.64-mm thick aluminum
flyer plates. The free run standoffs were varied, however,
the first two shots being performed at 1.27 mm and the latter
two at 2.54 mm distance, respectively. These distances
allowed a cursory examination of the effects of free-run
distances on flyer plate buckle or air curshion. The place-
ment of the carbon gages on the PMMA samples is shown in
Figure 10.

The results of the front surface carbon gage shots are
presented in Table 7. The front surface pressure-time
higtorics are presented in Figures 1l through l4. As can be
seen from comparison of the measured and calculated peak
presgure columns from Table 7, the impact pressure measured
with the carbon gages seems in agreement with theory. The
calculation ignores air cushion., Since the other measured
peak pressures seem to match the calculated values, these
data seem to indicate that the air cushion does not affect
peak pressure,

‘ A thought to the contrary would be that since the gages
are placed directly on the front surface of the lucite, then
they protrude approximately 0.127 mm in front of the lucite
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surface allowing the air to rush off the gage surface as the
flyer approached. If the air could escape prior to impact,
then the measured and calculated values should indeed match
because an air layer would rnot exist between the flyer and

the gage surfaces. To check this theory ¢ WONDY codu calcula-
tion was made for an 0.64-mm thick aluminum flyer traveling

at 0.047 ran/usec with 8 kilotaps flyer plate impulse. The
computer runs were made for both 1.27 mm and 4.05 mm £free run
distances and the predicted P-t waveforms are shown in Figure
15. The predicted stress-time waveform for both free-run
distances were almost identical and were in quite good agree-
ment with shot 2-212, in addition. From these data, one could
conclude that the free-run distance does not significantly
alter the front surface pressure-time waveforms seen by the
target. Since the WONDY calculation also matched shot 2-212
wperimental data, one might conclude that the air did not
rush past the carbon gage and, therefore, that the experimental

reading measured on shot 2-212 included the effects of air
cushion.

A final thought concerning the front surface pressure
meagsurements is that while the peak pressure reccrded by the
gage agrecd nicely with various anlaytical predictions of
peak p¢: 'sv:re, the integrated momentum from the pressure
measurenen® did not typically agree with either the flyer
momentum or the flyer momentum added to the apparent air
cushion momentum. This trend has bean seen by KSC when uging
carbon gages to measure pressure-time waveforms. Since the
peak pressure measured usually agrees with the analytical
predictions, both the experimental test configuration and
the impact planarity of the flyer against the gage surface is
zssumed to meet the necessary standards to properly record
the pressure-time waveform. Again, however, even when the
proper experimental standards seem to have been met, often
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the integrated momentum of the waveform is measured too high.
A thorough explanation for this fact cannot be offered at this
time.

4.2 TASK 3: FLYER SELECTION AND 1-D DAMAGE ON 3DQP SAMPLES

4.2.1 Flyer Selection

The 0.64-mm thick aluminum flyer plate was chosen as the
flyer which would be uased for the Facility Correlation Study
tepting., Several shots were performed with 0.3-mm thick
aluminum flyers, but it was mutually agreed that this flyer
would melt at impulse values above 10~12 kilotaps. For this
reason, it was futile to suggest that cither the Facility
Correlation Study or the UGT Simulation Program should be
strongly tied to this particular flyer. Several ghots were
performed with the 0.3-mm thick flyer, however, and relatively
strong differences can be shown between sample damage obtained
with this flyer and damage cau-ad by 0.64-mm thick flyer plate.
These data will be reported in Section 4.2.3, 3DQP Arc Shots.

4.2.2 Momentum Verification

An objective of this program is the correlation between
the KSC and AWRE magnetically driven flyer plate facilities.
Paramount to this correlation is the accuracy of the impulse
values delivered to the test samples. KSC has undertaken an
exanination of the test techniques used by our facility to
determine the impulsive load value. The results of the
examination were that independent measurements made on each
and every shot provided the most accurate assessment of the
final impulse value. These independent measurements provide
a cross=-check against which the other diagnostics can be
compared; major differences between any of the techniques, of
course, raises concern about the accuracy of the experiment,
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Two independent impulse diagnoatical were conducted on
each and every shot for this program. These diagnostics were:

l. Veldet Impulse - Calibrated Rogowski Coil

2. Time of Arrival Impulse - TOA Pin Mounted to
Sample.

A third technique, a streak camera measurement of the flyer
plate velocity, was performed on two shots. The results are
that each of these diagnostics are in agreement with one another
to better than :7.5% for the 0.64-mm thick aluminum flyers used
as the primary flyer for both the Facility Correlation Study and
the UGT Sim‘lation Study. ‘

An important diagnostic of the Veldet technique is the
measurement of the current waveform and, through a calibration
factor, a calculation of the peak current can he made. As has
been described in Table 1 and Figure l, Section 2.2 of this
report, the scatter in the peak current measurement was o ly
2%, while the scatter in the impulse was only :5%, Because
extra care was taken to make the capacitor bank operate in a
repeatable manner, both the peak current and the Veldet
impulse made a consistent set of data.

The time of arrival pin technique is an independent check
on the Veldet impulse. Rather than relying on a calibrated
current waveform to determine impulse, the TOA pin technique
relies on making a measurement of the position of the flyer
plate during its flight to impact the sample (for simplicity,
the pin is supported on the side of the sample, its sensing
element located at the impact plane of the target. and flyer
plate). Time-of-arrival of the flyer plate at a known
distance in space is a single valued function of the flyer
plate impulse. Therefore, this measurement provides an
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independent determination of impulse. Figure 16 presents the
TOA impulse plotted against the Rogo impulse. If the two
techniques produced exactly the same impulse values, then all
the data points would fall on a 45° line, As can be discerned
from this plot, the TOA impulse and the Rogo impulse for
0.64~mm thick aluminum flyer agree to better than :7.5% for

11 of the 13 data points. This agreement between the two
independent impulse diagnostic techniques is thought to be good.
The agreement between the TOA impulse and Rogo impulse for the
0.3-mm thick aluminum is not as good, ranging from +7.5% to
+11%. This bias is believed to he due to excessive edge effects
associated with the thinner flyer,

A streak camera measurement was made to determine the
flyer plate impulse for both a 0.3-mm and 0.64-mm thick flyer
in order to compare a third diagnostic against the veldet
impulse technigue. The streak camera technique yielded data
which agreed with the Veldet technique to better than :5%.
These streak camera data are overplotted against the Rogo
impulse and TOA impulse data presented in Figure 16. The
streak camera data is another independent measurement of
flyer plate impulse which correlated well with the Veldet
technique. The agreement of this impulse diagnostic in
addition to the other two diagnostics is thought to verify the
overall accuracy of the impulse to *7.5%.

The two streak camera measurements were nade by watching
the motion ot the image of a wire suspended above the moving
flyer. The streak camera photographs are shown in Figure 17.
The digitized records for these photographs are shown in
Figures 18 and 19. A least-squares fit to the digitized data
yielded a cubic equation describing the distance-time points
of the flight of the flyer plate, The slope of this equation,
evaluated at 2.54 mm, yielded the velocity and thus the
impulse of the flyer plate.
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wire above flyer —a

image of wire

- lines on flyer

SHOT 2-304 0.64mm THICK AL FLYER PLATE

wire above flyer —a

image of wire

lines on flyer

SHOT 2-306 0.3mm THICK AL FLYER

FIGURE 17  STREAK CAMERA MEASUREMENT OF 0.64mm AND 0,3mm THICK
ALUMINUM FLYER PLATES
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4.2.3 3DQP Arc Shots

Eighteen arcs were impacted by KSC to evaluate the 1l-D
streas wave damage of 3DQP for comparison with the AWRE
facility results. Eighteen shots were performed for damage as
& function of flyer thickness and/or free run; thirteen shots
beinjy performed with 0.64~-mm thick aluminum flyer and 5 shots
being performed w'.th 0.3-mm thick aluminum flyers. Four shots
waere performed to obtain the transmitted pressure waveform at
the rear surface of the 12.7-mm thick 3DQP samples, two wave-
forms being obtained with each flyer plate thickness.

The arc samples were machined from the ring with a radial
side cut such that they measured 5.08-cm wide and 1.27-om thick
with a chord length of 5.08 cm. The material had an AR/AT
ratio of .552. bulk density of 1.60 gm/cm3 2. and an open
porosity of 782, '

Evaluations of damage suffered by each of the 3DQP arcs
were based on the following criteria:

l) Damage Mode

2) Post-Test Sample Growth

3) Post-Test Sound Speed

4) Post-Test Open Porosity

5) Post-Test ¥ Retained Modulus Property
6) Pre- and Post-Test Radiographs.

The post-test sound speed, open porosity, and % retained
modulus data were supplied to KSC by SoRI.

The l-D stress wave damage modes suffered by the 18 3DQP
arcs were " 2latively large cracks found at the mid-plane
location and cracks at the rear surface which formed together
to cause rear surface lift of the circumferential and axial
fibers at the higher loading levels. 1In addition, a number of
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amaller cracks or near delaminations occurred near the front
of the sample. Quite surprisingly, this damage degcripticn
fits "A" process 3DQP very accurately, and is quite atypical
of “C" procesgs 30QP failure. Further investigation suggests
that a number of other characteristics of this 59.8-c¢m
diameter 3DQP are common to “A" process but not to “cV
process. These parameters are listed in Table 8. Further,
Figure 20 shows a comparison of the failure modes typical of
four pedigreed 3DQP materials. The 50.8-cm diameter material
supplied by AWRE suffered “A" procesa damage modes at impulse
levels nearly identical to those listed in Figure 20. A pre-
and post-test radiograph is shown in Figure 21 to emphasize
typical 1-D stress wave damage mode experienced by these samples.
Baged on the comparisons of the material properties shown in
Table 7 and the dynamic failure mode as shown by Figures 20
and 21, the 50.8-cm diameter material is clearly more typical
of "A" process 3DQP. This material still serves an important
purpose for the correlation of the AWRE and KSC facilities,
however, even though it was not of "C" process vintage.

The post-test sample growth, sound speed, open porosity,
and P/A% retained data for the 27 KSC and AWRE shots are
listed in Table 9. These four parameters yield an accurate
insight to the post-test state of the 3DQP samples and,
indeed, form the basis of the facility correlation. These
data are plotted against impulge level in Figures 22 through
25. The data presented in these plots are obtained from
impacts with 0.64-mm thick aluminum flyer plates only as this
flyer will form the basis for all future work. Data produced
by both the KSC and AWRE facilities are plotted in these
figures.
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PRETEST RADIOGRAPH

BK 35

POSTTEST RADIOGRAPH
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FIGURE 21  TYPICAL PRE AND POST-TEST RADIOGRAPHS OF 50.8cm DIAMETER
3DQP ARC SAMPLE
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O KSC 0.64 mm Thick AL FLYER
O AWRE 0.68 mm Thick AL FLYER
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For the four parameters plotted in Figures 22 through 25,
each of the KSC data points are marked with error bars showing
the possible range of KSC impulse values. Considering the
range of KSC impulse values, the AWRE data falls within 10% of
the KSC data for P/A % retained properties, and sample growth.
For ultrasonic velocity, three AWRE data points fall within the
range of KSC data; three other data points do not, however.

For open porosity, three AWRE points measured within the range
of the KSC data; open pososity data for the final three AWRE
impacted samples are not yet available.

From these data KSC concludes that the two facilities
are equivalent within approximately 10% in their ability to
produce 1-D stregs wave damage in arc samples.

KSC data indicated that significantly more damage was
produced by the thinner 0.3 mm aluminum flyer than by the
0.64-mn thick flyer for an equivalent impulse level. The
damage mode suffered by the 3DQP arc samples remained the
same for each flyer thickness, the difference being that the
0.3-mm thick flyer produced more severe mid-plane cracking
and rear surface fiber lifting. Post-test radiographs offer
a visual representation of the damage from each thickness
flyer. Radiographs typical of the damage produced by each
flyer are shown in Figure 26.

The more severe damage produced by the 0.3-mm thick
aluminun flyer may be explained by the fact that the thinner
flyer produced a significantly more planar impact and that )
it may also produce a higher peak pressure transmitted »ﬁ
through the thickness of the 3DQP arc samples. Obviously,
the peak pressure at the impact surface is highetr fox the »
thinner flyer because it has approximately twice the velocity
at impact. However, because of the highly dispersive nature
of 3DQP, it was not clear that the pressure-time gignature
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0.03mm THICK AL FLYER DAMAGE

! “ -

0.64mm THICK AL FLYER DAMAGE

FIGURE 26 POSTTEST DAMAGE CAUSED BY 0.3MM AND 0.64MM THICK ALUMINUM
FLYER IMPACTING 50.8CM DIA,, 1.27CM THICK, 3DQP ARCS.
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at the rear surface would be different for either flyer plate.
For this reason, two transmitted pressure shots were conducted
for each flyer thickness. The sample and gage geometry for
the transmitted pressure waveforms are shown in Figure 27.

The four transmitted pressure waveforms are shown in
Figures 28 through 31 and the pertinent data from these shots
are summarized in Table 10. As seen from Table 10, the
kilobar/kilotap value is approximately 25% higher for the
thinner 0.3-mm thick aluminum flyer. The 0.3=-mm thick flyer
also produces more absoclute pressure than the thicker flyer
as the thin flyer produces almost 6 kilobars peak pressure
while the thick flyer produces about 5 kilobars.

The combination of higher peak pressure transmitted
through the entire sample thickness and a more planar impact
by the thinner flyer produce stress wave conditions which
are more likely to cause severe damage. For these reasons
the thinner 0.3-mm thick flyer causes more damage as
graphically shown by the radiographs in Figure 26. A plot of
post-test sample growth also demonstrates the more severe
stress wave damage produced by the thinner flyer. The sample
growth data for the 0.3-mm thick flyer is shown in Figure 32.
As shown in this graph, the sample growth is much larger at
an equivalent impulse for the thin flyer as compared to
sample growth produced by a thick flyer (see Figure 22).

Six shots were performed with 0.64-mm thick aluminum
flyers impacting 3DQP arc samples to judge the effects of
free run on l-D stress wave damage. At varied free runs
impulse momentum enhancement due to air cushioning and flyer
plate buckling are variables which typically grow larger at
longer free runs and may have a significant effect on damage.
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FIGURE 27 SAMPLE AND GAGE GROMETRY FOR TRANSMITTED PRESSURE

WAVEFORM SHOTS
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To examine these factors, shots were performed at target
scandoff distances of 1.27 mm, 2.54 mm, and 5.08 mm.

Unfortunately, the results of the free run study were
inconclusive. An examinaticn of sample growth data would ‘
indicate that the arcs hit at the longer free runs did not
guffer significantly more growth than those hit at shorter free
runs. For example, the sample growth data recorded at all free
run distances fall within the expected scatter (as can be seen
in Figure 22). However, a plot (see Figure 33) of all sample
growth data as a function of free run is inconclusive because
large scatter of a few data points tends to make a definite
conclusion impossible. Perhaps the statement that can be made
is that the 1-D damage is not significantly altered as a result
of either air cushion momentum enhancement or flyer plate
buckle. It should be remembered in the case of flyer plate
buckle, however, that the radius of curvature of the flyer
plate was relatively large because of the large diameter of the
test samples. The initial large radius of curvature of the
flyer would tend to minimize flyer Luckle over the free run
distances involved in the Facility Correlation Study. In the
UGT Simulation sStudy, the initial radius of curvature of the
flyer is small, however, and the effects of flyer buckle must
be addressed for the free run distance to be used in that
study.

4.2.4 Air Cushion Momentum Enhancement

Shots conducted at three free run distances offered an
opportunity to measure the momentum enhancement delivered to
the sample as a result of air cushion. The momentum enhance-
ment was meacured with the aid of the Dynafax high-speed
camera. The Dynafax camera measures the total impulse delivered
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to the sample, The difference between the Dynafax irpulse
value and the impulse delivered by the flyer plate and post-
impact magnetic push determines the impulse due to air
cushion.

The air cushion data obtained from the six shots
conducted with a 0.64-mm thick aluminum flyer are presented
in Table 1ll. These data are plotted in Figure 34. 1In this
figure the apparent momentum enhancement, measured simply as
the difference between the Dynafax impulse and the flyer plate
plus magnetic push impulse, is plotted against the free run
distance for which the data were obtained. As shown in the
figure, an increasing impulsze is imparted to the sample as
the free run grows longer. A second representation of the data
is also shown in Figure 34. In this representation, the air
cushion momentum is divided by the free run distance and
expressed ag momentum/unit distance. As shown in Figure 34
this numerical representation of enhancement is more nearly a
constant value, approximately 5 taps/cm, over all free run
distances.,

Interestingly, the KSC enhancement data nicely f£it a
theory proposed in H10.l1 Data Report No. 393 which was written
by AWRE persounel. The AWRE air cushion analysis predicts
the air cugshion momentum enhancement for 3DQP samples as a
function of the gpecific kinetic energy of the flyer plate and
the free run distance. The momentum enhancement is expressed
as the total sample impulse (as measured by Dynafax) divided
by the flyer and post-magnetic push impulse, resulting in an
expression of the enhancement as a percentage increase in
momentum (momentum enhancement factor). The AWRE theoretical
values and the KSC experimental values are shown plotted in
Figure 35. The agreement is quite good.
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4.3 TASK 4: COMBINED RESPONSE DATA

Combined shock and structural response data were obtained
by impacting instrumented aluminum and 3DQP rings with 0.635-mm
aluninum flyer plates. All of the rings had 50.8-cm 0.D.'s
and were 5.08 ocm wide. The impulsive loads were applied with
a half-cosine spatial distribution. 1In order to verify the
adequacy of the experimental procedures and infer mechanical
property data, measured strains were correlated with theoretical
predictions of the KSC TWORNG code.

4.3.1 Aluminum Rings

Three 6061-T6 aluminum rings were instrumented with strain
gages according to the scheme shown in Figure 36. Each ring
had a wall thickness of 8.94 mm. The relevant shot numbers,
maximum flyer free runs (50), and peak impulses (Io) are shown
in the table below.

I, (ktaps)
§_ (mm) ?otal Total .
Shot No. ‘o Prompt (w/o Air Cushion) (w/Air Cushion)
2-311 2,54 5.6 5.7 6.5
2-312 2,54 7.9 8.0 8.8
2-320 0.86 8.3 13.3 13.5

Prompt and total impulses without air cushioning were deter~
mined from Veldet calculations. The effect of air cushioning
on aluminum was accounted for by including an impulse of

approximately 315 taps per mm of flyer free run. Structural __ w____M__'

response calculations were based on loads which included the
air cushioning impulse.
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300°1.D.

270°1.D.

FIGURE 36 STRAIN GAGE LOCATIONS FOR 50.8¢cm 6061-T6 ALUMINUM RINGS
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180°1.D. & O.D.
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The theoretical strain predictions were obtained numerically
through the use of the TWORNG code. This finite-difference ring
code was originated several years ago by KSC and is continuously
being updated to incorporate new and refined material models
and associated phenomena.

TWORNG treats the dynamic response of single-layer or
soft-bonded, double-layer rings to impulsive or thermal shock
loads. The rings may have variable thickness due to the effects
of spall, and the materials may be quite generally nonlinear
and spatially nonuniform. Only bond materials, however, are
allowed to have finite shear rigidity, and the Kinematics
(strain-displacement relations) are based on linear theory.

TWORNG provides approximately for the geometric effects
associated with moderately thick rings (h/R = 10). Initial
fracture or fracture incurred during structural response is
also accounted for. Kelvin type damping may be independently
specified for extensional and flexural motions.

Predictions for the aluminum rings were based on 8
integration stations through the thickness and 24 finite
difference grid points around the circumference in the interval
0 £ 9 < 7. For stability and ease of interpretation, a time
step of 5 usec was chosen.

The material parameters used in the aluminum ring calcula-
tions are shcown below.

2.71x10° kg/m3 (2.71 gm/cc)

p=
E = 72.4x10° N/m? (10.5x10% psi)
9 ., 2 3
°y = 0.276x10° N/m“ (40.0x10" psi)
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0.621x10° n/m® (90.0x10% psi) in tension
3

s e

P 1.034x109 N/m2 (150.0x10" psi) in compression

0.05% extension and flexure (shot nos. 2-311 & 2-312)

0.60% extension and flexure (shot no. 2-320)

Young's modulus (E), yield strength (oy), and plastic or
secondary modulus (Ep) were taken from available published data.
The critical damping ratio (n) was based on values used in
previous aluminum structural reazponse correlations performed by

KSC.

Predicted and measured strains for the low impulse test
(shot no. 2~31l1l) are presented in Figures 37(a) and 37(b).
Correlations for the edge gage at 0° are not shown here or in
the sequel because this gage continually malfunctioned during
the Task 4 test series. Excellent load symmetry is demonstrated
by comparing measured outputs at t45°, t60°, and +90°. The
measured responses at these locations are shown in Figures 38,
39, and 40 respectively.

With regard to frequencies and waveformsg, the correlations
for shot no. 2-31l1 are reasonably good at all circumferential
locations, particularly on the back half of the ring. All of
the aluminum ring correlations would have improved had struc-
tural damping been selected a posteriori rather than a priori.
j Minor correlation improvements would also have resulted from
refined analytical modeling of the impulsive load spatial
distribution, which is not identical to a half-cosine in

‘%ﬁé#héf?i‘t11i?*khﬂ;fr¢ﬁ;;iggﬂ;?;;:*; % s

Fa
e

practice. i

it Predicted and measured first compressive peaks on the

front half of the shot no. 2-311 ring, particularly at 0° and
45°, are not in good agreement. Some of the difficulty could
be due to inaccurate analytical modeling of the stress-strain
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curve near the yield point, but it is not likely that this
would account for the discrepancy at 0°. Since there is no
visual evidence of gage lifting or spall due to prompt shock
effects, it seems possible that the ring experienced a higher
total impulge than that used for the theoretical predictions,
i.e., 6.5 ktaps. Because shot no. 2-31l1 prefired, it was
impossible to experimentally verify the total impulse with
Dynafax mction measurements at 180°.

Had a total impulse of 8.8 ktaps been used in the shot no.
2-311 analysis, the predicted first compressive peak at o°
would have been about 6 millistrain; still well below the
measurud value. On shot no. 2-312, an experimentally-verified
total impulse of 8.8 ktaps (7.9 ktaps prompt) led to visually
observable incipient spall in the neighborhood of 0°. since
there was no evidence of any spall in shot no. 2-311, we
conclude that the total impulse must have been less than 8.8
ktaps, and the primary reason for the discrepancy between
preaicted and measured first compressive peaks at 0° and 45°
remains in the realm of speculation. Difficulties like this
emphasize the need for performing at least some low impulse
level (below yield) tests when correlating different facilities.
Analytical and experimental uncertainties seem to be directly
proportional to load level.

The TWORNG predictions for shot no. 2-311 indicate that
yield ocours (¢ > 3.8 millistrain) at relatively late times at
0° and 180°. Confirmation tuat yielding did indeed occur is
afforded by the observation that the ring was permanently
deformed as a result of the impulsive loading. Measured
permanent diameter changes for shot no. 2-311 (ring #3) are
plotted in Figure 41. The similarity in amplitudes of the

3DQP and the aluminum ring #3 permanent deformations is largely
coincidental,
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Correlations for the intermediate level impulse test
(shot no., 2-312) are given in Figurea 42(a) and ¢2(b). As
mentioned previously, there was incipient spall in this ring
at 0°, and the gages at +45° failed, so only theoretical
predictions are presented at theae locations. Excellent load
symmetry is again demonstrated by the measured strain outputs
at :60° and :90°. These outputs are shown in Figures 43 and
44 respectively,

The peak total impulse used for the shot no. 2-312
analytical predictions was 8.8 ktaps. This impulse was verified
experimentally to within 5% by Dynafax motion measurements at
180°, Nevertheless, the correlations for shot no. 2-312 are
somewhat poorer than those for the previous shot, especially
on the back half of the ring.

Measured and predicted peaks, waveforms, and frequencies
are in fair agreement for shot no. 2-312, but it is rather
disturbing that the first compressive strain peak is under-
predicted at 6¢° and overpredicted at the other locations.
Again, the correlations would be improved to some extent by
more careful analytical modeling of load distribution, yield
point behavior, and damping. Permanent diameter change measure-
ments were not made on this ring.

Predicted and measured strains for the high impulse test
(shot no. 2-320) are given in Figures 45(a), 45(b), and 45(c).
This ring spalled completely up to about +30-40°. Maximum
material removal was about 1.27 mm at 0°. The spall was un-
eymmetric with respect to 0°, extending to 38° in the positive
circumferential direction and to 28° in the negative circumfer-
ential direction. The lack of symmetry is reflected in the
mesasured strain outputas at -60° (Figure 45(a)) and +€0°
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(Figure 45(b)). Gages at O°, i45°, and ~90° were lost

immediately, and the gages at +90° and 180° 1.p. failed after
about 1 millisecona.

Predictions for shot no. 2-320 were based on a peak total
impulse of 13.5 ktaps. This impulse could not be conclusively
verified experimentally because the Dynafax motion measurements
did not exhibit the proper and expected flexural frequency
content. The analytical mcdel neglected the material removal
due to the spall, but damping was increased to 0.6% in an
effort to factor in some of the lessons learned from the priov
aluminum riry correlations.

Even though material removal was neglected in the
analytical model, the correlations for shot no. 2~320 are only
of slightly lower quality than the previous aluminum ring
correlations. Measured and predicted peaks,; frequencies, and
waveforms are still in fair agreement, although it appears that
even more extensional damping is required at this impulse
level. As with the intermediate level test, it is at least
mildly disconcerting that first compressire strain peaks are
'underpredicted at :60° but overpredicted at 180°. This may
indicate a material mocdeling, rather than a load problem.

Yield is predicted at all locations for shot no. 2-320.
Permanent diameter changes wzre measured for this ring (#1)
and are plotted in Figure 4). The unsymmetric and rather
peculiar deformed shape of ring #l1 is thought to be related to
the spall. Note that the permanent diameter change on the
90°-270° axis scales almost exactly with total impulse for
the aluminum rings.
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4.3.2 3DQP Ring

One 50.8-cm O0.D. 3DQP ring was inatrumented according to
the same scheme used for the aluminum rings, The 3IDQP ring
had a wall thickness of 1.27 cm, and the impact conditions
utilised a maximum flyer free run of 2,54 mm. Peak total
impulse (including air cushloning) on the 3DQP ring was deter-
mined from Dynafax motion measurements to be 11.3 ktaps. This
impulse is much higher than what would be expected from the
Veldet calculations, i.e., 7.6 ktaps magnetic (7.4 ktaps
prompt) plus 0.5 ktaps (approximately 197 taps per mn of flyer
free run) for air cushioning. Reasons for the discrepancy
between the Veldet calculations and the Dynafax measurements
are not yet clear, but the higher (Dynafax) total impulse
level was found to yield much better strain correlations.

Visual vxamination of the ring subgequent to the tegt
revealed a line of failure (buckled and sheared hoop fibers)
starting at about 8° on the outer surface and extending
diagonally to about 28° on the inner surface. This failure,
henceforth called a compression crack, was equally noticeable
on both sides of the ring. Several small circumferential
cracks or delams were algo noticeable on both sides of the
ring, indicating that the load was axially uniform.

Parmanent deformations and thickness changas were also
measured and are reported in Figuraes 41 and 48, respectively.

The TWORNG predictions of 3DQP ring response were based
on B integration stations through the thickness, 24 finite
difference grid points in the half-circumference, and a

5 ngec time step. Since there was no rear surface material
removal, a constant thickness was used.
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The compressive and tensile Young's modulii, E, and ET'
of the 3DQP were assumed to degrade linasarly with impulase,
boch at the same rate. Virgin Young's modulii were determined
from pre-test natursl fregquency measurements on the ring,
using the KSC electromagnetic excitation (EME) facility.
For a material with different modulii in tension and
compression, it can be shown that natural frequencies are
related to an effective modulus, Ee’ given by
4 ETEc

Ee -

Ep + 2 ETEG + E,

By using this expression in conjunction with the measured
natural frequencies, and assumiag E, = 0,725 e in accordance
with the SoRI static measurements on "A" process 3DQP

described in Reference 5, the dynamic virgin Young's modulii
waera determined to be:

Ep = 27.4x10% N/m? (3.97x10% psi)

E, = 19.9x10% N/m® (2.88x10° psi).

In tension, the 3DQP stress-strain behavior was taken
as linear up to failure, but in compression the material was
modeled as bilinear, with Ec governing for strains less than
1%, and Eg = 0.90 E, governing for strains greater than i%.
This modeling also reflects static measurements on 3DQP. The
compressive plastic or secondary modulus, Eg. was asgumed to
degrade linearly with impulse -t the same rate as the primary
modulii.

Material density was determined from the ring weight to
be 1.622x103 kg/m3 (1.622 gm/cc), but property degradation at
0° and damping parameters were determined a posteriori by
essentially trial and error methods. It was found that the
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mea.u:ad strain data were beat £it by anauming 20\ degradation

(80% rotnined ‘modulii) at 0° and using 0.75% of critica¢
damping in extenlion and zero flexural damping._.

Predictdd and measured strains for the 3DQP combined

're.ponae tect (ahot no. 2-316"are ahown in Figurea 46(a) and

46(b), The gage at 0° lifted, and the gage at -90° failed,
but load symmetry is amply demonstrated by the measured
atrains at ¢60°, shown in Figure 47.

Returning to Figures 46(a) and 46(b), it can be seen
that predicted and measured strains are generally in excellent
agreemant with respect to peaks and waveforma, and are in good
agreement with respect to frequencies. As mentioned previously,
the correlation at 0° should not be taken too seriously because
the strain gage at this location lifted as a result of early
time stress wave propagation. There may also be some prompt
shock effects on the 45° gages, as indicated by the post-test
thickness change profile plotted in Figure 48. As a point of
interest, it should be noted that the large thickneas change
at +15° does not correlate with any other measures of prompt
shock material damage.

At locations less sensitive to prompt shock effects,
l.e., 60°. 90°, and 180°. the first compressive peaks are
alightly overpredicted. These discreépancies might be resolved,
and the general quality of the correlations upgraded still
further, by nmore careful analytical modeling of the load
distribution, the nonlinear stress-strain behavior, and the
degradation laws. Such effort does not appear to be warranted,
however, in light of the fact that the discrepancies are
generally within the axper. antal error bounds. The-rsmall
differences between measurec and predicted high (extensional)
frequencies may be due to slighé nonlinearities in the 3DQP
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"f{atxoat—strain curve which are not :otloctod in prqurtito
'fdnrivod t:on ENE (low strain lovcli dntu. 3.'

The mnanuxod pormnn.nt dian.tor chanqn. :or the impacted
' 3DQP ring are plotted in Figure 41. Except for the 15°-195°-
diameter, the fing has an oval shape similar to the aluminum
 ring hit at 7 ktaps. The unusually large diameter change at
~ the 159-195° axis is probably related to the large thickness
" change and compression c:ack at thin location which were
doncribod prcvioucly.~ ‘
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SECTION 5.0
UGT SIMULATION STUDY EXPERIMENTAL RESULTS

"\
5.1 UGT STUDY SAMPLE DESCRIPTION

Material was allocated for the UGT Simulation Study which
was similar both in geomatry and engineering properties to
materials fielded underground. Material was supplied from
rings designated 7.1.4. Ring dimensions were 19.56-cm
diameter, 3.8l-cm wall height, and 1.40-cm thick. Are
dimensions were 3.8l-cm wide, 3.8l1-cm long, and l.40-cm thick.

5.2 FLYER PLATE PERFORMANCE

- The flyer plate dimensions were sized to correspond to the
smaller dimensions of the test samples used for the UGT Simula-
tion Study. The flyer plates used in these tests were 6.35-cm
wide at 0° and sized in length to load over a 160° arc. From
studies conducted by s3 of the UGT environmants, a 0,64-cm thick
aluminum flyer was chosen to perform the UGT Simulation Study.

The prims impulse diagnostic for these shots were

~ detormined by the Veldet technique, TOA pins were run on each
" shot in order to provide a crosscheck on the impulsive load

delivered to the sample. These TOA data are presented in
Table 12 and are plotted in Figure 49. These data would
suggest that the Rogowskli c¢oil impulse measurement is 10% high
with respect to the TOA implied impulse (i.e., for a TOA
impulse of 10,000 taps, the Rogowak. coil would read 11000
taps). Possible explanations of this discrepancy can be
obtained from consideration of the effects of flyer plate
buckle and edge curl on TOA pins. Flyer plate buckle should
be present to some degree due to the relatively thick flyer
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FIGURE 49. PIN VERSUS VELDET IMPLIED FLYER TOA AND IMPULSE DATA
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being bent into a small 19,.56~cm radius of curvature. Edge
curl of the flyer should be present due to heating and field
fringing because the flyer was driven to impulse values of
15,000 taps. Of these two effects, edge curl is thought to
predominate, and an experimental program is being conducted to
eliminate curl at these high impulse levels,

Two shotg were performed in order to map the time-of-
arrival around the circumference of a 19.56-cm diameter ring.
P2T pins were positioned in an adiprene ring at 0°. :22.5°,
$45° and 367.5° locations in order to monitor the flyer plate
clogure. Thege data are plotted in Figure 50. The worst case
closure appears to be approximately 2.5 microseconds around
the $67.5° circumferential distance. Three pins were placed
across the width of the ring at 0°, and the worst case closure
was less than 100 nanoseconds. For structural response, the
2.5 microsecond clogure time is adequate, being less than 10%
of the time to form the first membrane peak; for material
response criteria, 2.5 microseconds is a poor closure, and it
must be hoped that for distances on the order of a few cell
sizes the closure time is much smaller. The PZT pin maps at
each 22.5° measurement station tend to suppert this thought.
The 100 nanosecond closure measured across the width of the
ring is excellent.

5.3 ARC AND RING DAMAGE DESCRIPTION

XSC impacted 1l 3DQP arc sanmples in order to duplicate
the one-dimensional damage experienced by Ring 2. Damage
mode, damage location, and the degree of damage were the
ariteria used to judge if the damage produced in the arcs
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_Shot #2-358
S M= 5,7kt
I = 14,1kt

A " Iy i ke
7.5  -45 -22,5 0" +22.5
| | Angle (deg )
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. Shot #2-359
Mg = 5.7kt
= 14,7kt

—

'y A 4

~47.5 =45 -22.5 0 +22.5 M5
Angle (deg)

FIGURE 50. TIME OF ARRIVAL VS ANGULAR LOCATION - 19,56 ¢m DIAMETER
= FIXTURE RING FIXTURE CALIBRATION
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compared favorably with the damage experienced by Ring Z. Ten
shots were performed with 0,.64~mm thick flyers, while one shot
was performed with a.0,305~mm thick flyer. The flyer plate-
to-target distance was varied from 0.41 mm to 0.64 mm in order
to deliver a pre-selected sharp impulse followed by a post
impact push to the sample.

From guidance furnished by sg (Reference 6), .it was
decided that the UGT environment could best be simy ted by
lengthening the loading time over which the impulse was
delivered to the sample. 1In order to accomplish this, the KSC
capacitor bank was modified by ' .e addition of a ballast induc-
tance. KSC realized that the capacitor banks could not be made
to deliver an impulsive load over several hundred microseconds
such as experienced in an UGT event. However, the discharge cycle
could be modified rather easily to deliver .impulse for tens of
microseconds. The initial ballast inductor raised the bank
inductance to 35 nanohenries, lengthening the discharge period
to approximately 17 microseconds. With the ballast inductor in
place, the capacitor bank ocutput was altered by two different
methods to achieve the desired waveforms. The first method pro-
duced 8 kilotaps in the flyer with a long duration, low amplitude
post-impact magnetic push producing the additional 8 kilotaps.
The second technique, called a geries foil chop, produced an
8 kilotap flyer with a shorter duration, higher amplitude
post~impact magnetic push producing the additional 8 kilotaps.

In order to more completely describe these different dis-
charge techniques, the measured current trace was used to calculate
the magnetic pressure waveform for each shot. The magnetic
pressure drivea the flyer plate across the free run digtance,
building impulse in the flyer; after impact the magnetic pres-
sure continues to produce'an impulsive load on the test sample.
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The velocity of the flyer determines the front surface pressure,
while the magnetic pressure waveform after impact determines
the characteristics of the tail of the pulse. An idealized
sketch of the resultant front surface pressure is shown in
Figure 51. The two contrasting magnetic pressure waveforms
produced by the two discharge techniques described above are
overplotted in Figure 52; the magnetic presaure waveform used
to accelerate flyers for the Facility Correlation Study are
also shown in Figure 52 as a point of reference.

Two shots were performed utilizing the different post-
impact tails just described. A most dramatic difference in
the damage mode was produced even though the sharp and total
impulse delivered to each sample was nearly identical.
Photographs of the two damaged samples are shown in Figure 53
and provide a most vivid comparison of the damage modes. The
first sample, K60, impacted with an 8 kilotap sharp impulse
and a longer duration, lower amplitude tail, only suffered
lifting of the axial and circumferential fibers at its rear
surface. The mid-plane cracks and delaminations so prevalent
in the 50.8-cm diameter arcs and alsc found in Ring Z were
congpiciously absent (both visual and radiographic x-ray
examination failed to reveal any mid-plane damage). The
second sample, K62, also impacted with an 8 kilotap sharp
impulse but followed by a shorter duration higher amplitude
tail, suffered gross mid-plane damage and complete lifting of
the circumferential and axial fibers from the rear surface.
The mid-plane damage was so extensive that every radial fiber
was broken, causing the sample to break into two pieces.

The facts were that, even though impacted by nearly
identical impulsive loads, the resultant damage modes
were vastly different. These results are explained by the
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Front Surface Pressse ( kbors)

10

|dealized Front Surface Pressure on 3DQP Samples

¢ Initia! Pressure Created By Impact of
0.635=mm Thick Al Fiyer At 0,32 mm/ psec

e Experential Pressure Tail Created By Magnetic
Push Pressure From Post Impact Discharge
OFf Capacitor Bank

FIGURE 51. IDEALIZED FRONT SURFACE PRESSURE
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Damage Produced By Flyer Plate Impact With Long Duration,
Low Amplitude Magnetic Push , 8,3 KT Sharp Impulse,
14,5 KT Total :

Nt s o 202,

Damuge Produced By Flyer Plate Impact With Short Duration,
High Amplitude Magnetic Push, 7,9 KT Sharp Impulse,

14.5 KT Total RE

FIGURE 53 DAMAGE MODES PRODUCED BY DIFFERENT POST IMPACT MAGNETIC 1
IMPULSE TAILS ]
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shock wave physics argument th/.t differer* thickness flyer
plates can cause different damage in test samples, even though
the gamples might receive the same impvlase. This effect is

% caused, of course, by the different pressure-time histories
1t presented to the sample by the different thickness flyer

3 plates. Through the use of complex discharge waveforms from

: the AWRE and KSC capacitor banks, this same argument has been
, advanced to suggest that identical thicknesa flyer plates,
i delivering identical impulsive loads, can be used to produce

: different damage modes by varying the post-impact magnetic

push. The explanation for this effect is again given by the
0 fact that the post-impact magnetic push alters the pressure-
ﬁ ! time history delivered to the sample. The utility of these
A data became obvious, that the proper tailoring of the post-~
impact magnetic push might lead to a duplication of the damage
experienced in the UGT environment. In fact, as will be shown
later, this was accomplished.

Additional material was allocated to further refine the
damage in arc samples and to provide samples for x-cut quartz
instrumented lats and strain gaged rings. KSC subsequently
tested these additional arcs with a larger ballast inductoer,
further lengthening the duration of the diascharge waveform in
an attempt to subdue the damage patterns experienced by K62.
Initial shots indicated that this new capacitor bank configura-
tion, with an inductance of approximately 100 nH, caused damage
similar to that experienced by Ring &. The capacitor bank was
left in this configuration for all the remaining shots since _
this configuration so successfully achieved the desired damage Q
mode described below. 1

et
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The arcs impacted using these test nethods suffered both
rear surface and midrplane damage modes. The rear surface
damage typically conaiated of lifting of lateral fibers to a
depth of a few plies and cracking of the phenolic causing
delanminations and/or near delaminations to a depth of 5 to
10 plies (0.127 cm to 0,254 ¢m in depth from the rear surfece).
The mid-plane damage was typically located between 0.3 cm and
0.6 cm from the front surface of the samples and conaiasted of
cracking in the phenolic to form delaminations or near
delaminations in the mid-section of the samples. An edye-view
photograph and radiographic x-ray of typical sample damage are
shown in Figure 54,

A group of four arcs were tested which produced rear
surface damage more severe than experienced by Ring Z, while
the mid-plane damage ranged from too light to too severe in
comparison with Ring 2. Interestingly, the magnetic pressure
waveforms for the four shots were almost identical. Even
though the loading waveforms were the same, two samples
suffered too little mid-plane damage, while two other samples
suffered approximately correct mid-plane damage. These four
waveforms are emphasized by the shaded area in Figure 55,
which presents the magnetic pressure-time histories for all
the arc and ring shots. These data lead 80R12 to suggaest
that the mid-plane damage at this magnetic pressure loading
level were being dominated by variations in the strength of
the material. SoRI suggested that if 10 rings were loaded in
this manner, five might show mid-plane damage while the other
tive would fail to show mid-plane damage. One can conclude
that the loading conditions represented by the magnetic
pressure waveforms falling on the lower end of the shaded
zone of Figure %5 form a lower boundary for producing
incipient damage.
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Grazing Light Photograph
of Sample Edge

X=Ray Radliograph

FIGURE 54. TYPICAL MID-PLANE AND REAR SURFACE DAMAGE OF 19,56-cm : I
DIAMETER 3DQP SAMPLES i
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, A shot on sample X70 prcduced strong mid-plane damage

(but rear surface damage which was a proper duplication of that
" experienced by Ring 8). Because ths magnetic pressure wave-
form was also larger, this shot produced a more severe loading
41 condition and more severe mid-plane damage than had been
k'"' previously experienced. For this reason, K70 served as an

f‘ ’ upper boundary for mid-plane damage. The post-test x~rays of
Al selected samples, shown in Figure 56, point out the range of
1R 'dnnngo produced by the bounding magnetic pressure waveforms.

: The radiographs show that samples A69 and K64 suffered
relatively little mid-plane damage. Sample K66 suffered about
the right amount of mid-plane damage, and sample K70 suffered
mid-plane damage which was too strong. The damage depicted
3 in the radiographs duplicates properly the location of mid-
plane damage while bounding the severity of damage. In
X1 summary, the range of damage modes just described was judged
ﬁ;‘q , sufficient t¢ bound Ring 3 damage such that ring shots could
3 ? be performed. Table 13 provides a sumwmary of all the arc and
ring damage shots performed on the UGT Simulation Program.

el A P s s e

; To agsess the realiam of the impulse vs. time being

' delivered to the sample by the pressure-time curves shown on

Pigure 55, a hydrocode calculation was performed which modeled

the UGT environment experienced by Ring 2. The calculation

vas performed using the KSC Puff VI code. The impulse vs. time

of the flyer plates were obtained by assuming the idealized

P vs. t waveform shown in Figure 51. The flyer plate momentum

is transferred to the sample in approximately 4 flyer plate ;

transit times after which the momentum is assumed to be delivered i

by the measured late time magnetic waveform. The UGT and ‘ ”g

selected mag flyer impulae va. time curves are plotted in s
|
%
!

) Figure 57. The predicted UGT curve is closely approximated by
i the K66 experiment which closely duplicated the UGT damage.

L Thus, the simulated waveforms are generating realistic impulse
vs. time curves.
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Two rings were impacted with magnetic pressure waveforms
gimilar to those waveforms used to produce damage in the arc
samplea. The first shot on ring 7.l1.4 #6 was actually
designed to produce a magnetic waveform between arc samples
K66 and K70. However, the resultant waveform was similar to
K66 and fell in the shaded area as shown in Figure 55. Mid-~
plane damage was not formed in ring 7.1.4 #6 with this loading
condition, just as the magnetic waveform did not produce
damage in some of the arc samples. In order to produce mid-
plane damage, ring 7.1.4 #4 was shot at a slightly higher
level than for ring 7.1.4 #6. The resultant magnetic waveform
was nearly identical to that produced for sample K70, and
mid-plane damage was formed in the ring, though not nearly as
strongly as produced in the arc. Pre- and post-test x-rays of
K66, ring 7.1.4 #6, ring 7.1.4 #4, and K70 are shown in Figure
58,

e L b vy AT © Ty St et Wiy
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In comparison, K66 and 7.1.4 #6 suffered almont identical :
rear surface damage, both having lateral fiber liftin92 5 plies
deep, and rear delaminationsz 7 plies deep. As mentioned, ring
7.1.4 #6 suffered no mid-plane delaminations while arc K66 did. L
In light of the arc results detailed in Figure 55 and Table 13, i §
this fact is not surprising. Arxc K64, for example, loaded : |
with a magnetic pressure waveform falling in the shaded area '
of Figure 55, suffered nearly identical rear surface damage
as K66 and 7.1.4 #6, yet did not show any mid-plane damage.
The lack of mid-plane damage in ring 7.1.4 #6 is therefore
congsistent with the data shown in Figure 55.

R e e e N

Samples K70 and 7.1.4 #4 suffered failure of nearly the i
same location, type, and severity of damage. The rear surface i
damage was nearly identical as K70 had 2 lateral plies
lifted1 from the rear surface, while 7.1l.4 #4 liftedl 3 plies.
K70 suffered rear delaminationl to a depth of 5 to 6 plies,
while 7.1.4 #4 delaminated to a depth of 4 plies. The mid-plane
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damage suffered by X70 and 7.1.4 #4 was also nearly identical.
K70 suffered mid-plane delaminations ranging from a depth of
26 to 38 plies while 7.1.4 #4 had damage over a depth of 26 to
36 plies. The location, severity, and type of damage agree
well in the mid-plane area of these samples.

Bxamination of the damage as a functtion of circumferential
angle often providea some insight into the guality of flyer
plate symmetry. Observations of the two rings were made by
SOoRI, and their data are presented in Figure %8 with theiv
permigsion. The damage on hoth shota extended to approximately
167°. As shown in Figures 59 and 60, however, the depth of damage
for ring 7.1.4 #6 was most wevere approximately 22° off center,
indicating the peak load delivered by the flyer plate was
skewed, The damage profile for ring 7.1.4 ¥ indicated a
aymmetrical depth of damage which was centered about the 0°/180°
axis of the ring. These data would suggest that the load
delivered by the flyer plate was symmetrical a.d centered on
0° for this shot.

5.4  TRANSMITTED WAVE PRESSURK TRSTS

Three transmitted wave prossure tests ware conducted in
order to measure the rear surface pressure-time history in
3DQP at the loading level used to impact arce K70 and ring
7.1.4 #4. The purpose of the tests wams to verify that the
pressure-time history which comprised the sharp impulse was
the same as measured underground, The similarity of the traces
was to be compared for 2.2 usec, the reading time of the AGT
quarty: gage,

The targets impacted by flyer plates were designed to
match the configuration of those fielded underground. Two
LQP targehs wore machined flat from arcs to dimensions of
§.72=cm wide by 5.72-om long by 0.762-om thick: the arcs were
obtained from cylinder 7.1.4 so that the material possessed
properties mimilar to those materiala which were fielded under-
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ground. The flat samples were then backed with 0.254-cm thick
2024-73 aluminum buffer plates and 1.270-om thick x-cut guartsz
crystals. The guartz crystal was potted in Hysol epoxy. A
third sample was conatructed with alightly different dimensiona.
The 3DQP sample was machined into a flat which dimensions were
3.8l1-cm wide, 3.8l1-cm long, and 1.40-cm thick. Since the
lateral dimensions of the sample were smaller than the

diameter oflthc~quqrt:,g¢ge. epoxy was used to f£ill out the
sanple; no undesirable effects were observed due to this
geometry, probably becausa of amall diameter guard ring cut

in the quartz gage., This sample was backed by a 0.160=-cm thick
6061-T6 aluminum buffer plate and a 1,270-cm thick x-nut quartsz
cxystal.

i e o = e a

LW B R

R R )

The pressure-time transmitted waveforms are presented in
Figure 59 along with their associated oscilloscope records.
As geen in Pigure 61, the oscilloscope voltage records have
extremely noise~free basgelines, especially cconsidering that the
signals were reccrded early after bank fire on shots which
ultimately produced over 15,000 taps impulsive load. The
clean signal eliminates error in the presgsure waveform data
reduction due to bank discharge noige.

The pressure-time transmitted waveforms from the flyer
plate tests are overplotted on this UGT~transmitted waveform
in Figure 62. The agreement of the rise times and peak
pressures between the UGT trace and AGT flyer plate simulation
is excellent. The pulse width produced by the flyer plate
seems longer than that produced in the UGT environment, since
the UGT unloading wave seems to be falling more quickly than
the unloading wave produced by the flyer plate. A complete
record is not available, however, since the AGT waveform is
clipped at 2.2 use¢ due to the recording time limitations of
the 1l.27-cm thick quartz gage.
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| In brief summary, the AGT and UGT rise time and peak
pressures nntch nicely. The AGT pulse width may be longer,
however, than the UCT pulse width. Even so, the overall
agresasnt between the AGT and UGT pressure-time historias at
the rear surface of the 3DQP samples suggests a successful
match of the desired loading condlexonn by AGT techniques.

;.5 STRUCTURAL RESONANT FREQUENCY TESTS

Dynamic loading conditions caused by an Electro-Magnetic
Excitation (EME) device can determine several of the resonant
frequencies associated with membrane response and banding
of a ring. BPRelatively simple ring or shell theories can
relate thege resonant frequencies to material properties for
the ring. PFor example, a uniformly thick, homogeneous, elastic
ring has the following frequencies of interest.

!o = YE/p /2R {(5.1)
£, = 775 VE/r b/2183 (5.2)

where
E = Young's modulus (in both tension and compression)
¢ = Mags density
R = Nidsurface radius
!o « First membrane frequency

ta = Firgt bending frequency

Either of these two frequencies can be used to deduce E, as
h, R and p can be easily measured.

For rings that have non-uniform properties an elastic-
shell formulation is somewhat more complicated. 1If it is
assumed that E and h have spatial variation of the form

E(0) = E(=0) = E, - AEcosd 0<£8 s 90
- EO 90 < & £ 1890
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h(6) » h(-8) = hy - Ahcos (90 6/6c) 0£06 % 9

- ho ec <6 £180

w
then £;. the first membrane frequency, can still be derived
without excessive algebra.

» 1 - AE/E T - ZAhec/hon'leo

A combination of (5.4) and (5.1) can be solved for AE if this
AE and Ah occurred between tests on virgin and degraded material.

AE " 2
E; = (]l - 2Ah9c/h°ﬂ-180)(1 - (fo/fo) ) {5.5)

Equation (5.5) is gquite useful in deducing AE, the change in
Young's modulus at 6 = 0, due to wave propagation damage.

Table 14 is a compilation of the frequencies measured by
EME for Ring 2 and samples 7.1.4 #4 and #6. Each of these
rings have been measured by SoRI and a reasonable approximation
for h(6) is
Ring 2
h(g) = h(-0) = ,552 -« .098 cos(0) 0 50 s 90 (5.6)

7.1.4 #4 and 7.1.4 ¥6

h{6) = h(-8) = .552 - ,057 cos(90 0/55) 0 <0 2 55 (5.7)

Application of these thickness relationgships to the formula of
Equation (5.5) yields an estimate of E for each of the 3 rings.
Table 15 summarizes thegse data. Table 15 also demonstrates

that a combination of the first flexural freauency and the first

1
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TABLE 14 RESONANT PREQUENCIES (HERTZ)

1
!
1t
|
|
i fa £2 f:
1!
{
§ PRE~TEST MEASUREMENTS
| UGT RING 2 - - -
g} 7.1.4 ¥6 6948 810 2206
! 7.1.4 #4 6939 806 2197
‘\“:
i
i POST-TEST MEASUREMENTS
UGT RING 2 6649 715 1966
7.1.4 46 6629 743 2015
L
7.1.4 #4 6506 738 2010

*
Resonant frequency was inaudible, this value estimated from
90° strain gage record.

+f‘ = gecond bending frequency
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TABLE 15 RING THICKNESS AND MODULUS SUMMARY

ho-.552 in, Rw3.546 in
-4 2,, 4
p=1.56x10 ~ lb-sec”/in

2 3
SAMPLE AE/E heu (Inches) hmin (Inches) hrear (Inches)
A
it Ring 2 .2461 492 .457 .050
|| 7.1.4 46 .270 .513 .495 .057
7.1.4 #4 374 .519 .510 .042
1

Pre-test frequency is assumed identical to 7.1.4 #6.
2

heff = uniform thickness associated with f; {Bquation (5.2))

38081 measurements.
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membrane frequency can be used to calculate an "effective"
thickness that is between the original ring thickness and the
final minimum thickness. This effective thickness appears to
be quite a bit nearer to the minimum thickness and can, there-
fore, be used as a quick estimate of damage. Table 15 also
shows the change in thickness for rear surfaces as these are
the ones that are being simulated in AGT.

R RN -

e b

The EME resonance data in conjunction with first-order
3 shell thoeries leads to the conclusion that the modulus

3 degradation in Ring 2 is closer to that of 7.1.4 #6 than

;‘ i 701.4 "0

5.6 AGT/UGT STRAIN GAGE CORRELATIONS

All theoretical predictions of AGT/UGT 3DQP experiments
performed by KSC have utilized the TWORNG computer program
(see 4.1.3). For Ring 2 and both 7.1.4 #4 and #6, it was
determined that the sgtructural deformation was not severe
enough to require a yielding model. Furthermore, the fabricating
process for this type of 3DQP seemed to produce a nearly equal
modulus of compresasion and modulus of tension. All calculations
thus used the values

E, = 3.80x10% psi
p = 1.56x10"9 lb'secz/in4

% damping = .5 -

Thickness and modulus variation identical to those of Section o
5.5 with angle (6) were allowed. The effect of modulus
variation is important enough that a parameter sensitivity
study on TWORNG was also completed. Figure 63 shows the
effect on the strain record at 6 = 90° of allowing AE/EO to
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vary. ‘The correlation for AE/E° = ,270 is quite good, and this
agreement verifies the EME measurements and Equation (5.4).
Figure 64 demonstrates the TWORNG/experimental correlation for
other strain traces on 7.1.4 #6.

The correlations for 7.1.4 #4 and Ring Z are given in
Figures 65 and 66, Agreement between theory and experiment in
Figure 65 is considered to be a reasonably good correlation for
Ring 2 until time = ,62 mgsec, After this time the Ring 2
experimental data seems to have an increased amplitude for the
membrane frequency component, This implies that an additional
load has been imparted to the ring at about .6 msec. It is
not known what caused this unexpected load.

5.7 AGT SIMULATION ASSESSMENT

Figures 67 and 68 illustrate overplots of strain records
for AGT/UGT comparisons. The AGT experiment on 7.1.4 #6
brackets the UGT data because the 180° ID trace has a higher
membrane amplitude than the UGT trace and the 180° oD trace
has a lower amplitude. Frequency correlations appear to be
acceptable for the experiment on 7.1.4 #4, the AGT resulted in
amplitudes that were somewhat large, The frequency correlation
was not significantly different than that for 7.1.4 #6. Table
16 shows the peak strain comparisons in a quantitative manner.
The conclusion remains that 7.1.4 #6 is a slightly better
match for Ring 2 than 7.1.4 #4, but either correlates reasonably
well out to ,62 msec.
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TABLE 16 PEAK STRAIN COMPARISONS AT EARLY TIMES

SAMPLE TIME (uSEC) STRAIN (ms)

180° OQUTER GAGE ‘
Ring 2 195, ~12.0 ’

7.1.4 46 212, ~12.4

7.1.4 #4 205. ~15.0

180° INNER GAGE

Ring 2 252. 16.0
7.1.4 #6 = 264, 11.4
7.1.4 #4 264, 17.6

]
|
N
x
|
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SECTION 6
RESULTS AND CONCLUSIONS

The following conclusions were made from work performed
for the Facility Correlation Study.

l. The flyer plate for the facility correlation
would be 0.64-mm thick aluminum.

2. The free run distance for the facility cor-
relation would be 2.54 mm.

3. The 50.8-cm diameter 3DQP material used for the

facility correlation was typical of "“A" process
3DQp.

4. The damage mode of the 50.8-mm diameter 3DQP
material was mid-plane cracking and rear
surface fiber lifting.

5. 0.3-mm thick aluminum flyer plates produced
more stresgs wave damage in the 50.8-mm diancter
3DQP material than was produced by 0.64-mm
thick aluminum flyers.

6. The accuracy of the impulse values quoted by
KSC was found to be *7.5% by three independent -
techniques.

|
|
7. The KSC and AWRE facilities are capable of
| producing equivalent stress wave damage in 3DQP L
| |
i

within approximately t10% of their quoted
impulse values.
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8. Experimental and theoretical combined response
data on rings exhibit good correlation for
aluminum and excellent correlation for "A"
process 3DQP.

DRETES T T v L e

The following conclusions were made from work performed for
the UGT Simulation Study.

AT T SO e €1 T 108

l. For the AGT/UGT simulation conditions, it has
been shown that the proper pressure-time loading
history is the most pertinent parameter for
reproducing UGT material damage levels and damage
location, transmitted pressure profiles, and
early~time structural reasponse of 3DQP. Impulse
and impulse ratios are not the key parameters,

T T R TR ST T

Capacitor bank pulse shaping techniques have been
shown to produce the proper presgure-time loading
history necegsary for AGT/UGT simulation.

Using these AGT capacitor bank techniques, 3DQP
samples have been impacted and have been found to
approximate Ring Z damage level and location,

transmitted pressure waveforms, and early-time
strain response,

AGT Ring 7.1.4 #4 suffered damage of a similar
nature as Ring 2: rear surface delamination to ;
a depth of 4 or 5 plies on both rings, and mid- ! ﬁ
plane delamination closer to the impact surface 1ol
and slightly more intense than experienced by
Ring 2.

The peak AGT transmitted pressure matches the
UGT value, but probably has slightly longer k

L e ST o

e

PR
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pulse width, 1lssue is clouded by 2.2 microsecond
recording time of AGT quartz gage.

Comparisons between AGT and UGT strain records
are quite good out to .62 milliseconds. AGT
experiment on 7.1.4 #8 produces a slightly better
- strain record correlation than the AGT experiment
on 7.1.4 ¥4,

EME measurements demonstrate that the apparent
modulus degradation experienced by the AGT and UGT
rings is very similar.

TWORNG calculations, based upon the apparent degraded
modulus determined by EME measurements, provide good
correlations of the AGT and UGT measured strains.
These successful correlations demonstrate an overall
understanding of the simulation parameters, as well
aa the material and structural modeling. Also these
correlations lend credence to the dynamic degraded
modulus measurement of the EME facility.
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